Background: UL97, the v-CDK encoded by HCMV, phosphorylates Rb. Results: An LXCXE motif in UL97 helps activate E2F-dependent promoters independently of its stimulatory effect on Rb phosphorylation. Conclusion: UL97 uses multiple ways to activate E2F-responsive transcription. Significance: Identifying the presence of a novel way to activate E2F-mediated transcription increases our understanding of the cell cycle and oncogenesis.
The retinoblastoma (Rb) tumor suppressor restricts cell cycle progression by repressing E2F-responsive transcription. Cellular cyclin-dependent kinase (CDK)-mediated Rb inactivation through phosphorylation disrupts Rb-E2F complexes, stimulating transcription. The human cytomegalovirus (HCMV) UL97 protein is a viral CDK (v-CDK) that phosphorylates Rb. Here we show that UL97 phosphorylates 11 of the 16 consensus CDK sites in Rb. A cleft within Rb accommodates peptides with the amino acid sequence LXCXE. UL97 contains three such motifs. We determined that the first LXCXE motif (L1) of UL97 and the Rb cleft enhance UL97-mediated Rb phosphorylation. A UL97 mutant with a non-functional L1 motif (UL97-L1m) displayed significantly reduced Rb phosphorylation at multiple sites. Curiously, however, it efficiently disrupted Rb-E2F complexes but failed to relieve Rb-mediated repression of E2F reporter constructs. The HCMV immediate early 1 protein cooperated with UL97-L1m to inactivate Rb in transfection assays, likely indicating that cells infected with a UL97-L1m mutant virus show no defects in growth or E2F-responsive gene expression because of redundant viral mechanisms to inactivate Rb. Our data suggest that UL97 possesses a mechanism to elicit E2F-dependent gene expression distinct from disruption of Rb-E2F complexes and dependent upon both the L1 motif of UL97 and the cleft region of Rb.
The retinoblastoma (Rb) 3 tumor suppressor protein is encoded by the RB1 gene, mutation of which was first associated with the development of retinoblastoma tumors in children (1) . Rb is the master regulator of a pathway that controls cell cycle progression and that is aberrant in most human tumors (2) . Additional pathways regulated by Rb and relevant to cancer include those controlling genome stability, senescence, apoptosis, differentiation, angiogenesis, and glutamine metabolism (3) (4) (5) (6) (7) . Rb family members p107 and p130 serve similar functions and are regulated in an analogous manner. Many viruses modulate the Rb pathway, presumably to improve viral fitness (8 -10) . The mechanisms through which viruses inactivate the Rb pathway are of interest in terms of developing potential antiviral and anticancer therapeutics (11) , designing oncolytic viruses as treatments for human cancers (12) (13) (14) , and furthering our molecular understanding of cancer cell biology (15) .
The 928-amino acid Rb protein (p105-Rb) is composed of an amino (N)-terminal domain (RbN) connected by an unstructured interdomain linker to the central pocket (divided into A and B domains) followed by an intrinsically disordered carboxyl (C)-terminal tail (RbC) (16 -20) . Sixteen putative cyclin-dependent kinase (CDK) phosphorylation sites within the Rb protein regulate its intramolecular structure and thus its intermolecular interactions with proteins that control cell cycle progression, most notably the members of the E2F transcription factor family.
E2F proteins (E2F1, -2, -3a, -3b, -4, -5, -6, -7, and -8) are defined by their conserved DNA binding domains (21, 22) . By heterodimerizing with dimerization partner proteins, E2Fs associate with promoters containing E2F binding sites and modulate transcription of the downstream genes. Many of these genes encode proteins required for cell cycle progression and DNA replication. Hypophosphorylated Rb interacts with E2Fs and represses their ability to activate gene expression. Transcriptional repression is achieved by a masking of the transactivation domain of E2F through interaction with the A domain of the Rb pocket and the interface between the A and B pocket domains (18) . In certain promoters, transcription is further suppressed by recruitment of histone deacetylases (HDACs) (23) through their LXCXE motifs that bind to the B pocket (19) . Rb binding to the E2F1 protein in vivo and other E2F proteins in vitro also occurs through an interaction between the marked box domain of E2F and RbC (20) .
Multiple CDKs phosphorylate Rb, resulting in disruption of Rb-E2F complexes, the activation of E2F-mediated gene expression, and concomitant cell cycle progression and DNA replication (4, 24) . For many years, the accumulation of multiple phosphorylations, as opposed to phosphorylation at one or a few specific residues, was thought to be responsible for disrupting Rb-E2F complexes (24) . However, recent evidence has pointed to specific phosphorylation events that disrupt individual contacts among HDACs, E2Fs, and Rb (17, 25) . Phosphorylation at Thr 821 and Thr 826 stabilizes an intramolecular interaction between RbC and the pocket domain that blocks both the LXCXE-binding cleft as well as the region of RbC that contacts the marked box domain of E2F (20) . Ser 608 phosphorylation reorganizes a flexible loop within the Rb pocket domain, allowing it to interact intramolecularly with the A-B interface, thus directly blocking the site where the E2F transactivation domain binds (26) . Furthermore, phosphorylation of Thr 373 induces an intramolecular rearrangement allowing RbN to stably dock with the pocket domain, both blocking the LXCXEbinding cleft and altering the structure of the pocket to allosterically inhibit binding of the E2F transactivation domain (26) .
Cyclin proteins bind to CDKs and promote their activation and substrate specificity (27, 28) . All cyclins have a hydrophobic patch (HP) that interacts with RXL sequences such as those found in RbC (29) . The D-type cyclins also contain an LXCXE motif. Binding through either one of these types of motifs facilitates CDK-mediated Rb phosphorylation (30, 31) . However, it is presently unclear how or even whether LXCXE motifs or HPs control site selection for Rb phosphorylation.
The ␤-herpesvirus human cytomegalovirus (HCMV) is a significant pathogen that causes disease in neonates and adults with suppressed or impaired immune function (32) . There is growing evidence implicating an association of the virus with human cancers, most notably glioblastoma multiforme brain tumors (33) (34) (35) (36) . HCMV inactivates Rb in multiple ways (8) . The kinase encoded by the UL97 gene of HCMV phosphorylates Rb (37, 38) . The pp71 tegument protein (39) is delivered to cells by infecting virions, migrates to the nucleus, and through its LXCXE-like motif binds to and induces the degradation of Rb (37, 40) in an uncommon proteasome-dependent, ubiquitin-independent manner (41). pp71 stimulates viral immediate early (IE) gene expression (42) , and viral IE proteins, through transfection assays, have been implicated in the inactivation of Rb family members (8) . Unlike pp71 and UL97, data linking the IE proteins to Rb inactivation during virus infection are absent.
UL97 and its homologs in the ␤-and ␥-herpesviruses phosphorylate Rb and lamin A/C (thus disrupting the nuclear lamina) and mimic cellular CDK activity; thus they are considered viral CDKs (v-CDKs) (43) . UL97 contains four putative Rbbinding motifs, three LXCXE-like motifs (37, 38) , and an HP (8) . Cells infected with a recombinant HCMV expressing a mutant UL97 (UL97-L1m) with the central cysteine of the first LXCXE motif (L1) changed to a glycine (C151G) showed lower steady state levels of total Rb protein and the Ser 780 phosphorylated form (38) but displayed no growth defect (44) .
Here we show that UL97-L1m is less capable of phosphorylating Rb than is wild-type UL97. Furthermore, we show that wild-type UL97 fails to fully phosphorylate an Rb cleft mutant that does not interact with the LXCXE-containing HDAC1 protein. Rb underphosphorylation in the absence of functional L1 or cleft sequences correlates with sustained Rb-mediated repression of E2F-responsive promoters. However, two independent lines of evidence demonstrate that underphosphorylation of Rb is not directly responsible for the inability of the UL97-L1m mutant to relieve Rb-mediated transcriptional repression. Our work reveals the molecular determinants of Rb and UL97 that facilitate phosphorylation but also implicates these same protein regions in an undefined mode for activation of E2F-responsive transcription.
Experimental Procedures
Cells-Saos-2 (containing truncated Rb) (45), U-2 OS, and primary human foreskin fibroblast (HFF) cells were grown and maintained at 37°C in Dulbecco's modified Eagle's medium (DMEM; Invitrogen and Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich), 100 units/ml penicillin, 100 g/ml streptomycin, and 0.292 mg/ml glutamine (Sigma-Aldrich). All infections were performed under serumstarved conditions. For serum starvation, HFF cells were incubated with DMEM with 0.1% FBS for 48 h. For serum stimulation, serum-starved HFF cells were incubated with 15% serum for 16 h. Saos-2 and U-2 OS cells were transfected using TransIT-2020 (Mirus).
Viruses-The wild-type HCMV strain was AD169. Viruses with UL97 deleted (⌬97), with kinase-inactive UL97 (in-frame deletion of codon 355, K355del; T3418), or with individual UL97 LXCXE motif disruptions (L1m, C151G; L2m, C428G; L3m, C693G) were described previously (38, 44, 46, 47) . Viruses with all three UL97 LXCXE motifs disrupted (triple mutation (Tri); T3260), with the hydrophobic patch disrupted (W368A, HPm; T3727), or with all four motifs disrupted (quadruple mutation (Qd); T3719) were based on the bacterial artificial chromosome clone BA9 that expresses a secreted alkaline phosphatase reporter gene and in which UL97 is replaced by a bacterial galK gene and were generated as described previously (48) . Growth curves and yield reduction assays for maribavir susceptibility were performed as described previously (49 -51) . For RNA analysis, maribavir (Acme Bioscience, A4028; 20 M) was added at 2 h postinfection. Lentivirus infection was performed as described previously (52) .
Plasmids-The following expression plasmids have been described: pCGN-HA UL97WT and pCGN-HA UL97KD (43), pSG5-HA UL97WT and pSG5-HA UL97KD (53), V5-tagged UL97 and kinase-dead derivative (54), pCMV-Rb (55), pSG5-HA-Rb (56), pCMV-Rb-N757F (57), pSG5-HA-Rb-⌬RXL (29), pE2F1-Luc(Ϫ242) and pE2F1-Luc(E2FϪ) (58), pHsOrc1-Luc(Ϫ1053) (59), pCycA-Luc (60), pEGFPhLA-WT (61), and pCMV-hRb⌬CDK (62) . The following expression plasmids were generated during this study by site-directed mutagenesis techniques: pCGN-and pSG5-based UL97 L1m (C151G), L2m (C428G), L3m (C693G), Tri (L1m ϩ L2m ϩ L3m), HPm (W368A), Qd (Tri ϩ HPm); pCMV-Rb-3D (T373D/T821D/ T826D), pCMV-Rb-3E (T373E/T821E/T826E), pCMV-Rb-3A (T356A/T821A/T826A), and pCMV-Rb-3Eb (T356E/T821E/ T826E). pCMV-FLAG-Rb and pCMV-FLAG-Rb⌬CDK were constructed by inserting PCR products into HindIII and XbaI sites in p3xFLAG-CMV-10 (Sigma-Aldrich) using the In-Fusion HD cloning kit (Clontech). pSG5-IE1 was constructed by inserting a PCR product amplified from pCGN-IE1 (63) into the BamHI site of pSG5. All plasmids constructed by PCR were sequenced and confirmed to be correct. The sequences of primers for mutagenesis are available upon request.
Antibodies-Primary antibodies were purchased from Abcam (Rb-Thr(P) 373 , catalog number ab52975; RbThr(P) 826 612 , 44572G; V5, R960-25), Santa Cruz Biotechnology (E2F2, sc-633; E2F3, sc-878; E2F4, sc-866; p107, sc-318; p130, sc-317), Sigma-Aldrich (FLAG M2, F1804), Thermo Scientific (MCM7, MS-862), and Virusys (UL44, CA006-100). Antibodies against HCMV IE1 (1B12), pp71 (2H10-9), and UL97 have been described previously (63) (64) (65) . Mouse TrueBlot Ultra (eBioscience, 18-8817) and rabbit TrueBlot (18-8816) were used as secondary antibodies for Western blotting of immunoprecipitation samples.
Treatment with siRNA-E2F4 siRNA (Hs_E2F4_1, catalog number SI00375417) and Allstars negative control siRNA (catalog number 1027281) were purchased from Qiagen. Saos-2 cells (2.5 ϫ 10 5 ) were transfected with 80 pmol of each siRNA using Lipofectamine RNAiMAX (Invitrogen).
In Vivo Rb Phosphorylation Assay and Lamina Disruption Assay-To detect Rb phosphorylation, Saos-2 cells were transfected with wild-type and mutated Rb expression plasmid DNA together with wild-type and mutated HCMV UL97 expression plasmid DNA as described previously (43) . At 48 h post-transfection, the transfected cells were harvested and subjected to Western blot analysis. A lamina disruption assay was performed in U-2 OS cells as described previously (43) .
Luciferase Assays-Saos-2 cells (2.5 ϫ 10 5 /6-well) were transfected with each Rb expression vector (0.25 g) together with pCGN vector carrying wild-type or mutated HCMV UL97 (1 g) and pE2F1-Luc(Ϫ242), pE2F1-Luc(E2FϪ), pHsOrc1-Luc(Ϫ1053), or pCycA-Luc reporter plasmids (0.02 g) using TransIT-2020. For cotransfection with IE1, Saos-2 cells were transfected with pSG5-IE1 (1.2 g), pSG5-HA-Rb (0.6 g), pSG5 vector carrying wild-type or mutated HCMV UL97 (1.2 g), and pE2F1-Luc(Ϫ242) reporter plasmid (0.02 g). Total DNA levels in transfections were balanced with pCGN vector. At 48 h post-transfection, luciferase activity was measured using a luciferase reporter assay system (Promega) and a Veritas microplate luminometer (Turner Biosystems) and normalized to the total protein concentration in the cell extract. Luciferase assays were conducted in biological triplicate and technical duplicate. Statistical analyses were determined using a twotailed, unpaired Student's t test.
Immunoprecipitations-Saos-2 cells (1.6 ϫ 10 6 /100 mm) were transfected with pCMV-FLAG-Rb or pCMV-FLAGRb⌬CDK (1.8 g) together with pCGN vector carrying wildtype/mutated HCMV UL97 (3.6 g) using TransIT-2020. After 48 h, cells were suspended with modified CSK buffer (100 mM Pipes, pH 6.8, 500 mM NaCl, 300 mM sucrose, 1 mM EGTA, 1 mM MgCl 2 , 0.1% Triton X-100, 10 g/ml pepstatin A, 25 g/ml leupeptin, 1 mM PMSF, 25 mM NaF, 10 mM ␤-glycerophosphate), centrifuged, and diluted with an equal volume of ET gel buffer (50 mM Tris, pH 7.4, 0.1% Triton X-100, 1 mM EDTA). The extracts were immunoprecipitated with anti-FLAG or E2F1 antibodies (2 g) and protein G-Sepharose beads (GE Healthcare). Then beads were washed three times with NET gel buffer (ET gel buffer with 150 mM NaCl) and eluted with SDS gel loading buffer.
Western Blotting-Rb-transfected Saos-2 cells or HCMV-infected fibroblasts were lysed in an SDS solution (1% SDS, 2% ␤-mercaptoethanol) by boiling for 10 min followed by vortexing as described previously (37) . Equal amounts of proteins were separated by 7.5% SDS-PAGE and transferred onto nitrocellulose membranes. The phosphate affinity (Phos-tag, NARD Institute) electrophoresis was performed following the manufacturer's instructions. For experiments with -protein phosphatase, cells were suspended in lysis buffer A (66) without EDTA, NaF, ␤-glycerophosphate, and DTT. The obtained whole-cell lysates (120 g/60 l) were incubated in a 1ϫ NEBuffer for protein metallophosphatases supplemented with 1 mM MgCl 2 and 800 units of -protein phosphatase (New England Biolabs) for 20 min at 30°C. Quantification of bands was performed in triplicate as described previously (67) . Statistical analyses were determined using a two-tailed, unpaired Student's t test.
RNA Analysis-To quantify mRNA levels of E2F1 and Cdt1, total RNA was isolated as described previously (68) . Equivalent amounts of DNase I-treated RNA were converted to cDNA using the SuperScript III First-Strand Synthesis Supermix for qRT-PCR (Invitrogen) according to the manufacturer's instructions. Quantitative PCR was performed as described previously (67) with gene-specific primer sets for human E2F1 (69), Cdt1 (70) , and GAPDH (71). Data were analyzed by the comparative Ct method (72) . Experiments were performed in biological triplicate, and statistical significance was determined using a two-tailed, unpaired Student's t test.
Results

v-CDK UL97 Phosphorylates Rb on 11 CDK Consensus Sites-
Eleven phosphospecific antibodies that probe 13 of the 16 CDK consensus phosphorylation sites in the Rb protein are commercially available. We used these phosphospecific antibodies to demonstrate that, during HCMV infection, Rb becomes phosphorylated on at least 11 CDK consensus sites, all in a UL97-dependent manner (Fig. 1A and , and Thr 826 and that these are the major phosphorylation events on Rb during HCMV infection.
The UL97 HP and Rb RXL Motifs Are Not Required for UL97-mediated Rb Phosphorylation-UL97 has four putative Rb-binding motifs, three LXCXE-like motifs and an HP-like sequence. To determine which of these were required for Rb phosphorylation and inactivation, we created UL97 mutant (m) alleles in which each LXCXE-like motif was individually disrupted by converting the central cysteine to a glycine residue (L1m, C151G; L2m, C428G; L3m, C693G), one in which all three were simultaneously disrupted (Tri), one in which the conserved tryptophane residue of the HP was converted to an alanine (HPm, W368A), and finally one where all four putative Rb-binding motifs were disrupted as described above (Qd). All mutant alleles expressed proteins to similar steady state levels ( Fig. 2A) . The L1m, L2m, L3m, and Tri mutants displayed wildtype patterns of autophosphorylation as judged by electrophoretic mobility shift ( Fig. 2A) , disrupted the nuclear lamina as well as the wild-type protein in transient assays (Fig. 2B) , and in the context of recombinant viruses supported wild-type lytic replication kinetics in fibroblasts (Fig. 2C) (44) . Thus we conclude that mutation of any or all of the LXCXE motifs does not detectably impair UL97 kinase activity or viral lytic replication. The HPm and Qd mutants, however, displayed reduced autophosphorylation ( Fig. 2A) , lamina disruption capability (Fig. 2B) , and viral growth (Fig. 2C) . Trp 368 sits equidistant between two of the three residues of the catalytic triad (Lys 355 and Glu 380 ) essential for kinase activity. Mutation of this residue likely impairs general UL97 kinase activity based on reduced autophosphorylation ( Fig. 2A) and substantial resistance to maribavir (Table 2) . Therefore, results obtained with HPm mutant must be interpreted with caution.
To circumvent the apparently attenuated kinase activity of the HPm and Qd mutants, we determined the ability of wildtype UL97 to phosphorylate Rb alleles lacking the RXL motifs with which the HP sequences interact. Rb has two RXL motifs within its C-terminal 99 amino acids. An allele truncated at codon 829 just prior to the first RXL motif is commonly used to express an RXL-deficient protein (29) . Wild-type UL97 was equally able to phosphorylate full-length Rb (Rb1-928) and Rb-⌬RXL (Rb1-829) except for the Thr 826 site (Fig. 3A and Table 3 ). We were unable to determine whether the inability to phosphorylate Thr 826 of Rb-⌬RXL is a phosphorylation defect caused by the lack of RXL motifs or the proximity of the residue to the novel C terminus or whether phosphorylation still occurs but is undetectable because the truncation eliminates the full epitope recognized by the phosphospecific antibody. Rb-⌬RXL only minimally repressed an E2F1 reporter plasmid, but the observed inhibition was abrogated by UL97 (Fig. 3B) , indicating that UL97 can functionally inactivate Rb-⌬RXL. We conclude that interactions between the hydrophobic patch of UL97 and the RXL motifs of Rb are not required for UL97-mediated Rb phosphorylation or inactivation. 
The First UL97 LXCXE Motif (L1) Is Required for Full Rb Phosphorylation-In transfection assays, LXCXE mutants L2m
and L3m were as competent as wild-type UL97 at phosphorylating Rb on all residues analyzed (Fig. 4A) . However, the L1 mutant (UL97-L1m) showed a defect in Rb phosphorylation as assayed both by electrophoretic mobility shift and phosphospecific antibody reactivity (Fig. 4, A and B) (Fig. 4B and Table 3 ). An N757F substitution creates a cleft mutant (CM) that renders Rb incapable of binding the HDAC1 protein that interacts with this Rb region through an LXCXE motif (57). Rb-CM was phosphorylated by UL97 less efficiently than was wild-type Rb as judged by electrophoretic mobility shift (Fig. 4C ) and phosphatase treatment (Fig. 4D) The UL97 L1 Motif and the Rb Cleft Are Required for UL97-mediated Rb Inactivation during Reporter Assays-Phosphorylation inactivates the ability of Rb to suppress E2F-responsive gene expression. In a reporter assay, UL97 inhibited the ability of co-transfected Rb to repress the E2F1 promoter, and this depended upon the kinase activity of UL97 (Fig. 5A) . Mutation of the CDK consensus phosphorylation sites in Rb did not prevent it from repressing the E2F1 reporter but did inhibit the ability of UL97 to counteract this repression (Fig. 5B) . Furthermore, neither Rb nor UL97 affected reporter expression from a mutant E2F1 promoter lacking E2F binding sites (Fig. 5C ). From this, we conclude that UL97 activates an E2F1 promoterreporter by phosphorylating Rb and relieving Rb-and E2F-mediated repression. UL97 also relieved Rb repression of the Orc1 (Fig. 5D ) and cyclin A (Fig. 5E ) E2F-responsive promoters in reporter assays, indicating that UL97 can relieve Rb repression of multiple E2F-responsive promoters.
The UL97-L2m and -L3m proteins that fully phosphorylate Rb also counteracted Rb-mediated repression of the E2F1 (Fig. 5A) , Orc1 (Fig. 5D) , and cyclin A (Fig. 5E) reporters. However, the UL97-L1m protein that failed to fully phosphorylate Rb also failed to relieve Rb-mediated repression of each of these promoters (Fig.  5, A, D, and E) . Rb-CM fails to bind HDAC1 but does bind E2F-1 and represses E2F-responsive promoters although not to wildtype levels (57) . We found that Rb-CM was able to repress the E2F1 reporter, but this repression was not relieved by wild-type UL97 (Fig. 5F ), which fails to fully phosphorylate this mutant Rb protein (Fig. 4C) . From these experiments, we conclude that the first LXCXE motif of UL97 and the LXCXE-binding cleft of Rb are required for UL97 to inactivate the ability of Rb to repress E2F-responsive reporter constructs. 
Although UL97-L1m Fails to Inactivate Rb during Reporter Assays, It Efficiently Disrupts Rb-E2F
Complexes-The inefficiency with which UL97-L1m phosphorylates Rb at certain residues correlates with the inability of this mutant to inactivate Rb in reporter assays and the inability of wild-type UL97 to inactivate an Rb cleft mutant. These results implicate an L1-cleft interaction mediating full Rb phosphorylation and inactivation. To test this prediction, we generated Rb alleles encoding phosphomimetics at residues critical for disruption of Rb-E2F interactions and underphosphorylated by UL97-L1m. Critical residues for Rb phosphorylation-dependent inactivation include Thr 373 , Ser 608 , Thr 821 , and Thr 826 (20, 26) . Although Ser 608 was phosphorylated well by UL97-L1m, the other residues were inefficiently phosphorylated (Fig. 4, A and B, and Table 3 ). Rb mutants in which Thr 373 , Thr 821 , and Thr 826 were simultaneously converted to glutamate (3E) or aspartate (3D) were still able to repress an E2F1 promoter-reporter construct (Fig. 6A ) and were inactivated by UL97 in a kinase-dependent manner (Fig. 6A) . However, UL97-L1m still failed to inactivate Rb-3E or -3D even though residues inefficiently phosphorylated by this mutant kinase had phosphomimetic substitutions (Fig. 6A) . Identical results were obtained with a similar construct in which the major L1-cleft-dependent phosphorylation sites Thr 356 , Thr 821 , and Thr 826 were simultaneously changed to glutamate (3Eb) (Fig. 6B) . Thus, inefficient Rb phosphorylation does not appear to be responsible for the inability of UL97-L1m to inactivate Rb in reporter assays.
If inefficient Rb phosphorylation is not the reason why UL97-L1m fails to rescue Rb-mediated repression in reporter assays of E2F-dependent transcription, then even the reduced level of Rb phosphorylation catalyzed by UL97-L1m should effectively disrupt Rb-E2F complexes. Activating E2F family members E2F1, E2F2, E2F3a, and E2F3b associate with transfected Rb in Saos-2 cells, and this association was equally disrupted by either wild-type or UL97-L1m (Fig. 6, C and E) . Importantly, neither wild type nor UL97-L1m was able to disrupt these E2F complexes with the non-phosphorylatable Rb⌬CDK (Fig. 6D) , indicating that UL97 disrupts Rb-E2F complexes through a phosphorylation-dependent process. This conclusion is supported by the inability of a kinase-deficient UL97 to disrupt E2F complexes with wild-type Rb (Fig. 6, C and E) . Rb also interacts with the transcriptionally repressive E2F4 protein but is not known to interact with E2F5-8 (73, 74) . Although we detected E2F4 expression in Saos-2 cells (Fig. 6, C and D) , we did not detect Rb association with E2F4 and thus are unable to determine whether UL97-L1m disrupts such complexes. However, knockdown of E2F4 failed to rescue the ability of UL97-L1m to promote E2F1 reporter expression in the presence of Rb (Fig. 7A) . As UL97-L1m disrupts Rb complexes with E2F1-3 and E2F4 is not required for Rb-mediated transcriptional repression in the presence of UL97-L1m, we conclude that the defect in the ability of UL97-L1m to inactivate Rb in a reporter assay does not result from inefficient disruption of Rb-E2F complexes. 
A C
Knockdown of p107 or p130 Does Not Allow UL97-L1m to Relieve Rb-dependent Suppression of E2F-mediated Transcription-
The ability of UL97-L1m to efficiently disrupt Rb complexes spurred us to investigate an alternative potential explanation for why this mutant failed to inactivate the ability of Rb to suppress E2F-dependent transcriptional activation. We considered that the other Rb family members, p107 and p130, may be suppressing E2F-dependent transcription Phosphorylation by UL97 relieves Rb-mediated repression of E2F-responsive promoters. A, Saos-2 cells were transfected with a luciferase reporter driven by the E2F1 promoter together with an empty vector (Ϫ) or an expression plasmid for Rb and the indicated allele of UL97. Lysates harvested 48 h after transfection were analyzed for luciferase activity (top) and protein expression with the indicated antibodies (bottom). Luciferase activity was normalized to total protein concentration and is presented relative to the activity of the reporter without Rb or UL97 (set at 100%). Error bars denote the S.D. *, p Ͻ 0.05; **, p Ͻ 0.01; n.s., not significant. B, luciferase and Western blot analyses were performed as in A except an Rb allele in which CDK consensus phosphorylation residues were replaced with alanines (Rb⌬CDK;⌬) was also included. C, luciferase and Western blot analyses were performed as in A except the reporter contained an E2F1 promoter in which the E2F binding sites were mutated. D, luciferase and Western blot analyses were performed as in A except the reporter contained the Orc1 promoter. E, luciferase and Western blot analyses were performed as in A except the reporter contained the cyclin A promoter. F, luciferase and Western blot analyses were performed as in A except an Rb allele with an N757F CM was also included. KD, kinase-deficient.
in the presence of UL97-L1m. However, simultaneous knockdown of p107 and p130 failed to rescue the ability of UL97-L1m to promote E2F1 reporter expression in the presence of Rb (Fig. 7B) . In total, our data suggest that UL97 possesses an LXCXE-dependent way to counteract Rb-mediated repression of E2F-responsive promoters distinct from disrupting complexes between the E2F proteins and the Rb family members.
The Inability of UL97-L1m to Promote E2F-dependent Gene Expression Is Complemented during HCMV Infection by IE1-
Despite the inability of UL97-L1m to relieve Rb-mediated repression of E2F-responsive reporters, recombinant HCMV expressing this allele (44) and UL97 with disruption of all three LXCXE motifs (Fig. 2C) had no growth defect. L1m virus induced the accumulation of the E2F-responsive gene products E2F1 and MCM7 at the protein level as well as wild-type virus. The LXCXE triple mutant virus induced E2F1 protein accumulation as well as wild type and had only a small defect in MCM7 protein accumulation (Fig. 8, A and C) . The E2F1 and MCM7 proteins were not induced during infection with a UL97-null HCMV (Fig. 8B) . Wild type, UL97-L1m, and the triple mutant virus all induced similar steady state transcript levels of E2F1 and another E2F-responsive gene, Cdt1 (Fig. 8D) . E2F1 and Cdt1 transcript levels in HCMV-infected cells were significantly reduced in the presence of the UL97 inhibitor maribavir (Fig. 8D) . Thus, although UL97 kinase activity is absolutely required to induce these E2F-responsive genes during HCMV infection, its L1 motif is not (Fig. 8, A-D) .
HCMV encodes other proteins (pp71, IE1, and IE2) that inactivate Rb family members and/or induce E2F-reponsive gene expression (8) , and one of these may cooperate with UL97-L1m during viral infection to activate E2F-dependent genes. Preliminary experiments failed to detect a synergistic effect between UL97-L1m and either pp71 or IE2, but the combination of UL97-L1m and IE1 activated the E2F1 promoter as well as wild-type UL97 (Fig. 8E) . IE1 did not promote further phosphorylation of Rb (Fig. 8F) ; thus the observed stimulation must occur through some other mechanism. Our data indicate that an interaction between the first LXCXE motif of HCMV UL97 and the cleft of Rb is important for full Rb phosphorylation and the induction of E2F-responsive gene expression by UL97, but these defects can be negated by co-expression of the viral IE1 protein (Fig. 8G) .
Discussion
Viral oncoproteins (19, 75, 76) and cellular chromatin modifiers (77) use LXCXE motifs to bind within the Rb cleft. The D-type cyclins also contain LXCXE motifs. Although these are dispensable for cyclins D1 and D2 to direct CDK-mediated Rb FIGURE 6. Underphosphorylation of Rb by UL97-L1m neither mediates sustained repression of E2F-responsive promoters by Rb nor affects disruption of Rb-E2F complexes. A, Saos-2 cells were transfected with a luciferase reporter driven by the E2F1 promoter together with an empty vector (Ϫ) or an expression plasmid for Rb alleles with specific phosphomimetic residue substitutions (3E, T373E/T821E/T826E; 3D, T373D/T821D/T826D) and the indicated allele of UL97. Lysates harvested 48 h after transfection were analyzed for luciferase activity (top) and protein expression with the indicated antibodies (bottom). Luciferase activity was normalized to total protein concentration and is presented relative to the activity of the reporter without Rb or UL97 (set at 100%). Error bars denote the S.D. **, p Ͻ 0.01. B, luciferase and Western blot analyses were performed as in A except WT Rb or Rb alleles with different phosphomimetic (3Eb, T356E/T821E/T826E) or non-phosphorylatable (3A, T356A/T821A/T826A) residue substitutions were also included. C, Saos-2 cells were transfected with expression plasmids for wild-type FLAG-tagged Rb and the indicated allele of UL97. Lysates harvested 48 h after transfection were subjected to immunoprecipitation (IP) with the FLAG antibody. Input lysates and immunoprecipitates were analyzed by Western blotting with the indicated antibodies. h.c., heavy chain. D, immunoprecipitation experiment as in C except an Rb allele in which CDK consensus phosphorylation residues were replaced with alanines (⌬) was transfected. E, immunoprecipitation experiment as in C except the E2F1 antibody was used for immunoprecipitation. KD, kinase-deficient. , not significant. E, Saos-2 cells were transfected with a luciferase reporter driven by the E2F1 promoter together with an empty vector (Ϫ) or an expression plasmid for Rb, the indicated allele of UL97, or HCMV IE1. Lysates harvested 48 h after transfection were analyzed for luciferase activity (top) and protein expression with the indicated antibodies (bottom). Luciferase activity was normalized to total protein concentration and is presented relative to the activity of the reporter without Rb, UL97, or IE1 (set at 100%). P-Rb, hyperphosphorylated Rb; non-P-Rb, non-phosphorylated Rb. F, Saos-2 cells were transfected as in E. Lysates harvested 48 h after transfection were analyzed by Western blotting with the indicated antibodies. G, model for Rb inactivation by UL97. I, Rb represses E2F-responsive transcription. II, UL97 induces E2F-responsive transcription both by Rb phosphorylation-dependent disruption of Rb-E2F complexes, which is an LXCXE-independent event, and by an unknown L1 LXCXE-dependent function. III, a UL97 mutant with a non-functional L1 motif (UL97-L1m) induces partial phosphorylation of Rb and disruption of Rb-E2F complexes but fails to activate Rb-repressed E2F-responsive transcription. IV, the inability of UL97-L1m to activate Rb-repressed E2F-responsive transcription is complemented by HCMV IE1 through an unknown mechanism. KD, kinase-deficient.
phosphorylation, the LXCXE motif of cyclin D2 (but not D1) is required for abrogating the growth inhibitory function of Rb (31) . To our knowledge, the requirement for the cyclin D3 LXCXE motif in CDK-mediated Rb phosphorylation has not been examined. For the v-CDK UL97 of HCMV, two of the three LXCXE motifs within UL97 were completely dispensable for Rb phosphorylation, whereas ablation of the first motif, L1, diminished but did not abrogate Rb phosphorylation (Fig. 4, A, B, E, and F, and Tables 1 and 3 ). Likewise, a cleft mutant Rb protein was phosphorylated, albeit somewhat inefficiently, by wild-type UL97 (Fig. 4 , C and D, and Table 3 ), so although the L1 LXCXE motif (presumably interacting with the Rb cleft) enhances Rb phosphorylation, it is not required for that reaction. The v-CDK encoded by Epstein-Barr virus, the BGLF4 protein, also phosphorylates Rb (43) but does not contain an LXCXE motif, again indicating that this motif is not an absolute requirement of CDK-or v-CDK-mediated Rb phosphorylation. Despite the underphosphorylation of Rb catalyzed by UL97-L1m, this protein was still able to disrupt complexes between Rb and all the activating E2Fs (Fig. 6, C and E) . Therefore, it is somewhat surprising that UL97-L1m was unable to relieve Rbmediated repression of three different E2F-dependent promoterreporters (Fig. 5, A, D , and E). Neither E2F4 nor p107/p130 seem to be responsible for this sustained transcriptional repression by Rb in the presence of UL97-L1m (Fig. 7) . However, multiple potential phosphorylation targets of UL97 (but not UL97-L1m) may affect regulation of E2F-responsive transcription, including the E2F proteins, HDACs, or RNA polymerase II itself.
UL97 phosphorylates the C-terminal domain of RNA polymerase II on serine 5 (78), a modification that identifies polymerases in the initiation phase (79) . Perhaps although UL97-L1m is able to displace Rb from an E2F-responsive promoter to allow for RNA polymerase II recruitment it may be unable to phosphorylate the C-terminal domain to facilitate initiation. UL97 has also been reported to phosphorylate HDAC1 and promote HCMV IE transcription (80) . However, HDAC1 seems unlikely to be responsible for the transcriptional defect observed with UL97-L1m because the Rb cleft mutant (N757F) that does not associate with HDAC1 (57) still repressed the E2F-responsive promoter in the presence of UL97 (Fig. 5F ).
Likely targets of the UL97 v-CDK are the E2F proteins themselves. Human E2F1 has 11 potential serine/threonine phosphorylation sites, E2F2 has two, and E2F3 has 10. We could find no published reports of CDK-mediated phosphorylation of E2F2 or E2F3. E2F1 is phosphorylated by CDK2-cyclin A, but all reports indicate this inhibits E2F-dependent transcription (81) (82) (83) (84) . CDK2-cyclin B phosphorylates E2F1 but does not detectably affect its activity (83) , whereas neither CDK2-cyclin E nor CDK4/6-cyclin D phosphorylate E2F1 (83) (84) (85) . Thus, the potential for CDK-(and thus v-CDK-) mediated regulation of E2F activity exists, but there is little precedence for this leading to transcriptional activation.
Unfortunately, only a few confirmed substrates for UL97 are known (86) , although 290 have been proposed based on in vitro kinase reactions with protein arrays (87) . As the average kinase phosphorylates only around 50 proteins (88), many of these are unlikely to be true substrates. A detailed comprehension of UL97 substrates should help us better understand this v-CDK.
A straightforward model predicts that UL97, through its LXCXE motifs, attaches to Rb, thus gaining access to substrates either associated with or adjacent to this tumor suppressor in the multiple complexes in which it exists (89) . Mutation of the L1 motif would weaken this association, decreasing UL97 retention time in Rb complexes, resulting in decreased phosphorylation of Rb-affiliated proteins and therefore the maintenance of Rb-instituted transcriptional repression. However, we were unable to detect stable association of even wild-type UL97 with Rb (Fig. 6, C-E) , making it impossible to determine whether UL97-L1m has a decreased affinity for the protein. The mechanism through which the L1 motif of UL97 relieves Rb-mediated transcription repression therefore requires more study.
Despite the defect of UL97-L1m in relieving Rb-mediated repression of E2F-responsive gene expression, a recombinant HCMV expressing this allele had no growth defect (Fig. 2C) (44) and showed wild-type levels of E2F-responsive gene expression (Fig. 8, A, C, and D) . Our data indicate this is likely due to the viral IE1 protein (Fig. 8E) . Interestingly, IE1 itself relieved Rbmediated E2F-dependent transcriptional repression poorly (Fig. 8E) (90) and does not contain an LXCXE motif. However, IE1 has been implicated in promoting E2F protein phosphorylation (Ref. 91 and discussed above as a potential defect of the UL97-L1m protein). More work is needed to discover how IE1 and UL97-L1m cooperate to relieve Rb-mediated E2F-dependent transcriptional repression.
Finally, the role of Rb and its phosphorylation by UL97 during HCMV infection remains enigmatic. Through its ability to inhibit the transcription of E2F-responsive genes encoding nucleotide biosynthetic and DNA replication enzymes, Rb might have been considered as a potential inhibitor of HCMV viral DNA synthesis. However, we recently showed that Rb knockdown actually inhibits the accumulation of HCMV viral DNA, the late protein pp150, and progeny infectious virions (67) and that the known ability of UL97 to enhance viral DNA replication (92) appears to be independent of Rb phosphorylation. 4 Perhaps identifying the Rb phosphorylation-independent positive effect of UL97 on E2F-dependent transcription observed here can illuminate not only how Rb and E2F control cell cycle progression but also how they impact HCMV infection.
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